JC6B Rec'd PCT/PTO 2 0 FEB 2001 



U.S. DEPARTMENT OF COMMERCE PATENT AND 



TRANSMITTAL LETTER TO THE UNITED STATES 
DESIGNATED/ELECTED OFFICE {DO/EO/US) 
CONCERNING A FILING UNDER 35 U.S.C. 371 



INTERNATIONAL APPLICATION NO. 
PCT/FROO/01861 



INTERNATIONAL FILING DATE 
June 16, 2000 



'S DOCKET NUMBER 

025219-311 



U.S. APPLICAjjOj^lOyif lwov^s^3^.FQ1J^ 



UnassigW 



PRIORITY DATE CLAIMED 
July 2, 1999 



TITLE OF INVENTION 

RECONFIGURATION METHOD APPLICABLE TO A NETWORK OF IDENTICAL FUNCTIONAL ELEMENTS 

APPLICANT(S) FOR DO/EO/US 

Fabien CLERMIDY and Thierry COLLETTE . 



Applicant herewith submits to the United States Designated/Elected Office (DO/EO/US) the following iten/s andother informa^n: 

g FEB 2 0 j 

This is a FIRST submission of items concerning a filing under 35 U.S.C. 371 . 




Ll This is a SECOND or SUBSEQUENT submission of items concerning a filing under 35 U.S.C. 3 

□ This is an express request to begin national examination procedures (35 U.S.C. 371 (f!) at any time 
the expiration of the applicable time limit set in 35 U.S.C. 371(b) and the PCT Articles 22 and 39(1). 

S A proper Demand for International Preliminary Examination was made by the 1 9th month from the earlies 
^ A copy of the International Application as filed (35 U.S.C. 371 (c)(2)) 

a. Ll is transmitted herewith (required only if not transmitted by the International Bureau). 

b. ^ has been transmitted by the International Bureau. 

c. C is not required, as the application was filed in the United States Receiving Office (RO/US) 
^ A translation of the International Application into English (35 U.S.C. 371 (c)(2)). 

□ Amendments to the claims of the International Application under PCT Article 19 (35 U.S.C. 371(c)(3)) 

a. Ll are transmitted herewith (required only if not transmitted by the International Bureau). 

b. LT have been transmitted by the International Bureau. 

c. □ have not been made; however, the time limit for making such amendments has NOT expired. 
^ d. D have not been made and will not be made. 

- □ A translation of the amendments to the claims under PCT Article 19 (35 U.S.C. 371(c)(3)). 
An oath or declaration of the inventor(s) (35 U.S.C. 371 (c)(4)). 



delay examination until 
claimed priority date. 



3 the International Preliminary Examin; 



10. □ A translation of the 
Items 1 1 . to 16. be!-ow concern other document(s) or information included: 

1 1 . □ An Information Disclosure Statement under 37 CFR 1 .97 and 1 .95 

12. An assignment document for recording. A separate cover sheet it 

13. □ A FIRST preliminary amendment. 

d A SECOND or SUBSEQUENT preliminary amendment. 

14. □ A substitute specification. 

1 5. EH a change of power of attorney and/or address letter. 
16. IS Other items or information: 

PCT request, Internujmational Search Report and cited references 



n Report under PCT Article 36 (35 U.S.C. 371(c)(5)). 



e with 37 CFR 3.28 and 3.31 is included. 



(01/01) 



J.S. APPLICATION NO. 



JC02Rec'dPCT/FTO 2 0 FEB 2001 



Basic National Fee (37 CFR 1 .492(a)(1 )-(5)): 

Neither international preliminary examination fee (37 CFR 1 .482) 
nor international search fee (37 CFR 1 .445(a)(2)) paid to USPTO 
and International Search Report not prepared by the EPO or JPO . 



$1,000.00 (960) 
. . $860.00 (970) 



CALCULATIONS 



International preliminary examination fee (37 CFR 1.482) not paid to 
USPTO but International Search Report prepared by the EPO or JPO . . . 

International preliminary examination fee (37 CFR 1.482) not paid to USPTO 

but international search fee (37 CFR 1 .445(a)(2)) paid to USPTO $710.00 (958) 

International preliminary examination fee paid to USPTO (37 CFR 1 .482) 

but all claims did not satisfy provisions of PCT Article 33(1 )-(4) $690.00 (956) 

International preliminary examination fee paid to USPTO (37 CFR 1.482) 

and all claims satisfied provisions of PCT Article 33(1 )-(4) $100.00 (962) 



ENTER APPROPRIATE BASIC FEE AMOUNT 



Surcharge of $130.00 (154) for furnishing the oath or declaration later than 
months from the earliest claimed priority date (37 CFR 1.492(e)). 



Independent Clairr 



Multiple dependent claim(s) (if applicable) 



X$18.00 (966) 



X$80.00 (964) 



+ $270.00 (968) 



TOTAL OF ABOVE CALCULATIONS 



Reduction for 1/2 for filing by small entity, if applicable (see belov 



SUBTOTAL = 



Processing fee of $130.00 (156) for furnishing the English translation later than 
months from the earliest claimed priority date (37 CFR 1.492(f)). 



TOTAL NATIONAL FEE = 



Feelor recording the enclosed assignment (37 CFR 1.21(h)). The assignment m< 
appropriate cover sheet (37 CFR 3.28, 3.31). $40.00 (581) per property + 



t be accompanied by 



TOTAL FEES ENCLOSED = 



Small entity s 
A check in th 



hereby claimed, 
of $ 900.00 



□ 
□ 



:r the above fees 
it of $_ 



; enclosed. 



o cover the above fees. A duplicate copy of this sheet v. 



Please charge my Deposit Account No. 02-4800 in the a 
enclosed. 

The Commissioner is hereby authorized to charge any additional fees which may be required, or credit any overpayment to Deposit 
Account No. 02-4800 . A duplicate copy of this sheet is enclosed. 
NOTE: Where an appropriate time limit under 37 CFR 1 .494 or 1 .495 has not been met, a petition to revive (37 CFR 1 .137(a) or <b» 
must be filed and granted to restore the application to pending status.^. ^ ; ^ 



SEND ALL CORRESPONDENCE TO: 



Robert E. Krebs 

Burns, Doane, Swecker & mathis, l.l.p. 
P.O. Box 1404 

Alexandria, Virginia 22313-1404 
(650) 622-2300 



7* — ~— ' I ■ 

"SIGNATURE 




Robert E. Krebs 




NAME 




25.885 




REGISTRATION NUMBER 





////p/m 09/76320 

' JC02 Rec'd PCT/PTO 2 0 FEB 

i 

RECONFIGURATION METHOD APPLICABLE TO A NETWORK OF 
IDENTICAL FUNCTIONAL ELEMENTS 

TECHNICAL FIELD 

This invention relates to a reconfiguration method 
applicable to a network of identical functional 
elements . 

The field of the invention is in particular that 
5 of parallel computers composing a unit of matrix, ring, 
or hyper cube interconnected processors, and that of ID 
or 2D correlators, matrix architectures of blocks 
computing the fast Fourier transform (FFT) . Two 
examples of the first kind of applications are thus 
10 given in the document referenced as [1] at the end of 
the description. 

PRIOR ART 

The increasing possibilities of micro-electronic 
15 technology, as well as the evolution of multiprocessor 
architectures, are leading to computers that are more 
and more complex both in terms of elements composing 
them (electronic gates, memories, registers, 
processors, ...) and in terms of complexity of the 
2 0 software used. 

The designers of such computers having a high 
integration parallel or extensively parallel structure 
must take into account two conflicting requirements: 

1 Machines having a parallel or extensively 
2 5 parallel structure are subject to faults due to the 
very great number of processors and their complexity, 
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leading to poor manufacturing output and serious faults 
under normal operation. 

2 With highly advanced technologies and high 
integration systems, more and more processors can be 
5 incorporated into an application specific integrated 
circuit (ASIC) , a multichip module (MCM) or a card. In 
such systems, the main disadvantage is that of limited 
bandwidth, i.e. the amount of information that can be 
put through. 

10 In order to meet the first of these requirements, 

one solution of known art consists in replacing faulty 
processors with spare processors which are identical to 
the others from an operational point of view. Such a 
solution, enabling "structural fault tolerance", then 

15 tries to ensure proper operation, and in particular 
network consistency, so as not to penalize the 
architecture. It implies reconfiguration consisting in 
replacing faulty elements with spare elements available 
due to interconnection elements and intercommunication 

2 0 elements. 

In a 2D (or bidimensional ) type of network, the 
solutions proposed for providing fault tolerance are: 

• Adding as many processor lines to the system 
as faults are to be tolerated. This solution is very 

2 5 simple and requires few spare interconnections, 

reconfiguration being performed by simply bypassing the 
lines where there is a faulty processor. Performance 
loss is then limited. On the contrary, the spare 
processors are very poorly used as one line is required 

3 0 to tolerate one fault, and in case of a faulty bypass, 

the whole system is down. 
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• Or adding switches, spare processors and 
connections to the standard network. 

As described in the document referenced as [2], a 
network corresponding to the latter type of solution 
5 and called "m-Track, n-Spare" is composed of processors 
10, switches and spare connections. Two kinds of 
switches are used: switches 11 coupling processors with 
connections (PT = Processor to Track) and switches 12 
coupling connections with each other (TT = Track- to- 
10 Track). All network links are bi-directional, i.e. 
communications can come and go in each connection. 
Spare processors 13 (sp) are positioned at the network 
borders. For the reconfiguration method to be 
effective, these processors must be positioned at least 
15 in one line and one column of the network. 

Fig. 1 illustrates a sample network of the 
"2-Track, 1-Spare" type. Spare processors 13 (sp) are 
positioned all around the network and are used to 
reconfigure the network in case the useful processors 
20 10 are faulty. Switches 11, 12 are used to enable 
reconfiguration. Here, the network has 200% of spare 
connections in comparison with the so-called 
operational connections . 

Those skilled in the art can then use a 

2 5 reconfiguration method, based on error correcting 

codes, which can be broken down into two phases: 

the first one consists in finding, for each 
faulty processor, a compensation track bypassing the 
faulty processor and replacing it with a spare 

3 0 processor; 



B13299.3 DB 



4 



in case the first phase is successful, each 
processor, along the compensation track, is replaced 
with its nearest neighbour, thus reaching, through 
cascading changes, a spare processor. The operational 
5 grid is thus maintained. 

The reconfiguration method considered above has 
two major disadvantages: 

it is not suitable for unidirectional links ; 
indeed, in this case, two connection buses, one round 
10 trip, are required for connecting the considered 
processor to each of its neighbours . 

the number of switching elements passed 
between two logically neighbouring processors is not 
deterministic, which makes the method ineffective for 
15 dealing with the case of synchronous interprocessor 
communications . 

In order to overcome these disadvantages, it is an 
object of the inventive method to solve the problem of 
fault tolerance in an extensively parallel architecture 

2 0 with significant coupling of functional elements, by 

proposing a solution meeting the following constraints: 

obtaining a fault tolerant network with 
connections that may be unidirectional; 

highly limiting inoperative communication 
25 media of the network; 

limiting communication time between functional 
elements by limiting the number of reconfiguration 
switches passed between two functional elements; 

allowing greater flexibility for choosing the 

3 0 number of spare functional elements; 
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having a solution capable of supporting 
different topologies, in particular matrix, ring or 
hypercube topologies. 

SUMMARY OF THE INVENTION 

This invention relates to a reconfiguration method 
of a network of parallel identical functional elements 
tolerant to the faults of these functional elements, 
the network comprising said basic functional elements, 
spare functional elements, interconnecting elements of 
these functional elements, and a control unit, said 
method comprising: 

a step of positioning the functional elements 
of the logic network; 

a routing step of programming interconnecting 
elements on the physical network, by choosing a maximum 
number of these interconnecting elements which can be 
passed between two neighbouring functional elements 
using a shortest track search algorithm. 
In the method of the invention: 

a sequence is determined for positioning the 
functional elements of the network that is composed of 
a starting functional element and a series of 
functional elements including all functional elements ; 

for each of the functional elements, it is 
tentatively positioned starting with its logical 
position, then, if required in case of failure, in each 
of the positions located at a distance 1, distance 2, ... 
from the logical position of this functional element, a 
restriction being that one and only one spare position 
must be used with respect to the possible positions of 
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the previously positioned functional elements, stopping 
when S+l positions have been tested, S being the number 
of spare functional elements ; 

if S+l positions have been tested without 
5 success, returning to the previous functional element 
in the positioning sequence and proceeding with the 
next position for this functional element; 

possibly, when all functional elements have 
been positioned, it is checked for each network 
10 dimension that the logical sequence is followed for 
each pair of functional elements, if not, the positions 
of these functional elements are inverted. 

In one embodiment, the positioning sequence is 
defined like this: the starting functional element is 
15 the top left functional element, the next functional 
elements are the functional elements to the right and 
below the starting functional element, and so on, 
following a diagonal. 

It is also possible to divide the network into 
20 blocks and define a block positioning sequence starting 
with a starting block and going through all the blocks 
from one neighbouring block to the next, with the 
positions for the functional elements of one block not 
including any logical position of the functional 
25 elements of the previously positioned blocks. 

Advantageously, this inventive method can be 
implemented either statically, or dynamically during 
operation. 

It appears to be important to specify the two 
30 following issues: 
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• The inventive method allows possibilities of 
fault tolerance to be easily included at 
interconnections and interconnecting elements. 

• The inventive method is at the opposite of 
5 prior methods in as far as the features of the network, 

which are the number of spare links and the 
organization of the interconnecting elements are not 
imposed by the method, which allows greater flexibility 
in the choice of the fault tolerant architecture. 

10 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 illustrates a known art processor network. 

Figs. 2A and 2B illustrate a sample network 
obtained by the inventive method. 
15 Fig. 3 illustrates the concept of spacing in the 

network illustrated in Fig. 2B. 

Fig. 4 illustrates a flowchart of the inventive 
method . 

Figs. 5A and 5B illustrate an example of 
2 0 inconsistency of the inventive method after the 
functional elements have been positioned. 

Figs. 6A, 6B and 6C illustrate a sample 
positioning algorithm directly derived from the 
inventive method. 
25 Fig. 7 illustrates a block algorithm derived from 

the inventive method. 

Figs. 8A and 8B illustrate examples of 
reconfiguring a network of functional elements in a 
matrix topology. 
30 Fig. 9 illustrates the composition of a processor 

network obtained by the inventive method. 



B13299.3 DB 



Fig. 10 illustrates inputs and outputs of an 
interconnecting element inside the network of Fig. 9. 

Figs. 11A to 11H illustrate inputs and outputs of 
interconnecting elements at the borders of the network 
of Fig. 9. 

Fig. 12 illustrates the network of Fig. 9, with 
the links between processors and interconnecting 
elements . 

Figs. 13A to 13C illustrate minimum communications 
in the network of Fig. 9. 

Figs. 14A and 14B illustrate the practical 
implementation of an interconnecting element inside the 
network of Fig. 9 based on a 6-to-l multiplexer. 

Fig. 15 illustrates a sample implementation of the 
network of Fig. 9. 

Figs. 16 to 19 illustrate several examples of 
processor networks of the hypercube type, i.e. a 
3 -dimensional hypercube in Fig. 16, a hypercube having 
a virtual regular structure with four spare processors 
in Fig. 17, an example of hypercube reconfiguration 
comprising three faulty processors derived from the 
method of the invention in Fig. 18, and a 4-dimensional 
hypercube comprising a line of spare processors in Fig. 
19. 

Fig. 20 illustrates the architecture of a 2D 
correlator. 

Fig. 21 illustrates an example of using the 
inventive method in a matrix structure of the 
architecture illustrated in Fig. 20. 
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DETAILED DESCRIPTION OF EMBODIMENTS 

This invention relates to a method for 
reconfiguring a network of identical functional 
elements . 

5 

Reconfiguration method 

In the "m-Track, n-Spare" structure of the known 
art, illustrated in Fig. 1, the reconfiguration method 
consists in searching for a track called "compensation 
10 track" to replace a faulty elementary functional 
element with a spare functional element. Then, starting 
with this faulty elementary functional element, each 
functional element is replaced with the next functional 
element available, the nearest one on the track. 
15 However, this method is really efficient only when 
there are spare functional elements in at least one 
line and one column, which is not possible with one 
line of spare functional elements and two 
unidirectional tracks. Also, such a method does not 
2 0 allow the number of switches in the communication 
tracks to be reduced. 

On the other hand, the reconfiguration method of 
the invention is based on a positioning technique not 
correlated with routing. 
25 Positioning consists in physically positioning 

logical neighbouring functional elements. The logical 
position of a functional element is the position this 
functional element occupies in the network without any 
faulty functional element; the physical position of a 
30 functional element is the position occupied by this 
functional element after application of the method when 
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a fault has been detected. Positioning is bound to 
succeed provided the number of faulty functional 
elements is less than or equal to the number of spare 
functional elements . 

Routing consists in programming interconnecting 
elements. The number of switches that can be passed 
between two neighbouring functional elements is chosen. 
This number is limited: three or four switches result 
in good reconfiguration throughput. The routing 
algorithm can thus test the greatest number of possible 
routings in a very short time with an appropriate 
algorithm. 

In prior art systems, programming the switching 
elements is provided in as far as a replacement 
position has been found for each faulty functional 
element following a precise algorithm. The algorithms 
for positioning functional elements on the physical 
grid and for routing switching elements cannot be 
dissociated. 

In the inventive method, only functional element 
positioning is innovative. Routing interconnecting 
elements is performed by a shortest track search 
algorithm, known by those skilled in the art, as this 
algorithm can be used in the invention due to the 
restrictions made on track length, and in particular, 
the number of interconnecting elements passed. 

• Positioning step 

Figs. 2 and 3 schematically illustrate a network 
of identical elementary functional elements 30, each 
basic functional element being logically connected to 
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the same number of neighbouring functional elements of 
the same network, except for the functional elements 
located at the edges of the network, and spare 
functional elements 31 each provided for replacing one 
5 of elementary functional elements 3 0 in case of 
failure . 

Fig. 2A illustrates a network functional element 
with its four logical neighbours. Fig. 2B illustrates a 
sample network, with spare functional elements 31 being 

10 shaded, links 32 being logical links. 

Fig. 3 illustrates the concept of spacing between 
two functional elements: this is the minimum number of 
connections required for going from one functional 
element to another. The two functional elements 35 

15 circled in black are at a distance of five from each 
other, two neighbouring functional elements being at a 
distance of one. 

It is the object of the inventive method to 
position functional elements in the network, so as to 

2 0 minimize the sum of distances between all neighbouring 
functional elements. This method has the following 
characteristics : 

• Criterion 1 : to choose the functional element 
25 positions in order to provide a minimum distance 
between neighbouring functional elements, positioning 
is performed around the position of the starting 
functional element using functional elements at a 
distance of 0, then 1, then 2, then 3, ... from the 
30 logical position of this functional element. 
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• Criterion 2 : to make sure that positioning is 
possible for all network functional elements, whatever 
the number of faulty or invalid functional elements, 
first of all, a functional element positioning sequence 
is defined, which is composed of a starting functional 
element and a series of functional elements including 
all functional elements. Each new functional element is 
chosen from the functional elements which are logically 
neighbours of the preceding functional elements. Next, 
following this sequence from the starting functional 
element to the last functional element, S+l possible 
positions, S being the number of spare functional 
elements, and the position sequence of each functional 
element are defined, with a restriction being that one 
and only one spare position must be used with respect 
to the possible positions of previously positioned 
functional elements. 

• Criterion 3 : to provide global network 
consistency, at the end of the positioning operation, a 
mechanism for complying with consistency may be 
implemented, which consists in detecting logical 
inversions of each functional element pair of logical 
neighbours in each dimension and in inverting the 
positions of two functional elements when such an 
inversion has been detected. 

To meet these various criteria, the inventive 
method comprises the following steps: 

determining a functional element positioning 
sequence as defined above under criterion 2 ; 
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for each of the functional elements, it is 
positioned tentatively starting with its logical 
position, then, if required in case of failure (faulty 
functional element or position occupied by another 
functional element) in each of the positions located at 
a distance 1, a distance 2, etc., while following the 
rule stated in criterion 2: i.e., one and only one 
spare position must be used with respect to the 
possible positions of previously positioned functional 
elements. If the position does not follow this rule, 
another position is tested, which can be at a greater 
distance if required. The process stops when S+l 
positions have been tested; 

if S+l positions have been tested without 
success, returning to the preceding functional element 
in the positioning sequence and proceeding with the 
next position for this functional element; 

when all functional elements have been 
positioned, checking for each dimension of the system, 
e.g. in lines and in columns for a functional element 
array, that the logical sequence is followed for each 
pair of functional elements. If not, the positions of 
these functional elements are inverted. 

The flowchart illustrated in Fig. 4 sums up the 
last three steps of this method. 

Figs. 5A and 5B illustrate an example of 
inconsistency in the network after functional elements 
have been positioned. Indeed, in Fig. 5A, both 
functional elements Pij and P ij+ i are logical neighbours 
and Pij is located before P ij+ i. In Fig. 5B, functional 
element Pij is positioned after functional element P ij+ i 
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in contrast with the logical sequence, with arrow 3 6 
illustrating the positioning sequence, points marked 
with a cross indicating positions occupied by faulty 
functional elements. 

This positioning algorithm is bound to reach a 
solution provided the number of faulty functional 
elements is less than or equal to the number of spare 
functional elements . 

Two types of positioning algorithms can be deduced 
from the inventive method. 

The first type of algorithm consists in directly 
using the inventive method and is illustrated by Fig. 6 
with a structure of 4x4 elementary functional elements 
and 4 spare functional elements. 

Fig. 6A illustrates the logic network, the logical 
neighbours of a functional element being at the 4 
cardinal points thereof. Fig. 6B illustrates the 
positioning sequence of the functional elements and 
Fig. 6C illustrates the possible positions of these 
functional elements, the positions at a distance of 1 
from the logical position of the functional element 
being tested before the positions at a distance of 2, 
etc . 

In this Fig. 6C, the following symbols are used: 
0: logical position of the functional element 
x: new position of the functional element 
□: possible position of the functional element 
The positioning sequence is defined like this: the 
starting functional element is the top left functional 
element P 0 ,o- The following functional elements are the 
functional elements to the right P 0 ,i and below Pi <0 
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starting functional element Po,o# and so on, following 
the diagonal Pi, 0 ; Po,2; Pi,i - (see Fig. 6B) . This 
solution, which is one of the possible solutions for 
the choice of the positioning sequence, has the 
5 advantage of allowing criterion 1 to be correctly 
followed in the series, and thus to provide positioning 
enabling proper routing. Based on this positioning 
sequence, the positions of each functional element are 
chosen from the five positions defined in Fig. 6C , 

10 their selection sequence complying with criterion 1. It 
is noted that for each functional element, criterion 2 
is complied with. 

The second type of positioning algorithm is an 
application of the inventive method by dividing the 

15 network into functional element blocks. After having 
defined a block positioning sequence, starting with a 
starting block, all blocks are passed, from one 
neighbouring block to the next. If such an algorithm is 
applied to each block by taking into account a 

20 positioning rule so that the possible positions for the 
functional elements of one block do not include any 
logical position of the functional elements of 
previously positioned blocks, positioning is ensured. 
Fig. 7 illustrates this second type of algorithm 

25 considering a block composed of one line of four 
functional elements. The lines of functional elements 
are then positioned starting with the top line and 
going to the bottom line. For each line, positions are 
used of this line, to which the logical functional 

3 0 elements belong, and of the immediately lower line, 
which allows the above rule to be followed. For each 
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line, the positioning sequence is defined by the 
starting functional element located at the leftmost end 
and then by the functional elements following to the 
right. The five possible positions are then defined as 
5 shown in Fig. 7. The same positioning algorithm is used 
for each line. Consistency checking, which is not 
required in the example considered, must then be done 
for lines only. The advantage of this alternative of 
the inventive method is algorithm speed (less going 
10 back, shorter consistency checking) together with 
correct positioning when blocks are actually 
dimensioned with respect to spare elements, which is 
the case in the example considered. 

Fig. 8A illustrates a sample configuration of the 
15 network in a matrix topology, without any faulty 
functional elements, for West/East and North/South 
connections. Fig. 8B illustrates a sample 

reconfiguration of the network in the case of a faulty 
functional element, represented as shaded. 
20 It is noted that it is mandatory to pass through 

the switching elements even if there are no faulty 
functional elements, giving the whole system a certain 
consistency. 

25 • Routing step 

This step is performed by means of shortest track 
and in-depth search algorithms known by those skilled 
in the art. 

In order to be in line with the objects determined 
3 0 in the introduction, the number of interconnecting 
elements between logical neighbouring functional 
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elements is limited to a small number, typically 3 or 
4. The number of possible tracks for going from one 
functional element to a neighbouring functional element 
is known and rather low, less than about ten as an 
average. It is assumed that all these tracks are known, 
but they can also be calculated by a shortest track 
search algorithm. A simple example of the in-depth 
search routing algorithm of the interconnecting 
elements is given below: 

Set i and j to 0 

Point 0: For the pair Cj of neighbouring functional 
elements : 

Pointl: If track Cj(i) exists: 

test routing Cj with this track 

If there is a conflict with an 

interconnecting element 

increment i and return to Point 1 
Else, 

If there are other pairs C of 
functional elements : 

increment j and return to Point 

0 

Else, 

routing successful , end 

Else, 

If there is a pair C k of functional elements 
routing of which makes routing of Cj impossible 
Delete all routings between C k and 

Cj 
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Increment track i of C k and return 
to point 0 

Else 

Routing impossible 

End 

This is just a sample routing known to those 
skilled in the art which allows to give an illustrative 
embodiment of the inventive reconfiguration method. 

Below, we are going to consider successively 
illustrative embodiments of networks to which the 
method of the invention is applied, where the 
functional elements are processors. 

EXAMPLE OF A PARALLEL PROCESSOR NETWORK 

A processor network, to which the invention is 
applied, as illustrated in Fig. 9 is based on a matrix 
of ordinary elementary processors P with two inputs and 
two outputs, connected together through interconnecting 
elements Cm. The network is composed of a set of 
alternately arranged interconnecting element lines 2 0 
and processor lines 21. Each processor P is surrounded 
by four interconnecting elements Cm. The edge elements 
of the network are interconnecting elements Cm. The 
processor lines are lines of elementary processors P 
and the last line of processors is a line of spare 
elementary processors Sp. This feature allows greater 
flexibility to be obtained in the choice of the number 
of spare processors in contrast with the prior art 
device illustrated in Fig. 1, wherein with one line and 
one column of spare processors, the proportion of spare 
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processors varies depending on the product of the 
number of lines multiplied by the number of columns. 

The interconnecting elements Cm allow links to be 
made between the various processors P, through network 
5 switching. One such element Cm is illustrated in 
Fig. 10, together with its different inputs and 
outputs. It has six unidirectional inputs and six 
unidirectional outputs connected respectively to the 
inputs of the South/West and North/East processors, to 
10 the outputs of the North/West and South/East 
processors, and to the four inputs and four outputs of 
the interconnecting elements located North, East, 
South, and West. One element so represented is an 
element in the middle of the network. 
15 As illustrated in Figs. 11A to 11H, these 

interconnecting elements of the network edges have 
fewer inputs and/or fewer outputs according to their 
location. 



Thus : 
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Fig. 


11H; 



is obtained. 

Each output of an interconnecting element Cm can 

3 0 be connected to any input. It is possible to 

dynamically change the way (called configuration) of 
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making these links, e.g. by means of configuration 
registers associated with a configuration command. 

As illustrated in Fig. 12, in this network, each 
processor P is connected to four interconnecting 
5 elements Cm, two of these diametrically opposed 
elements Cm being connected to the two processor 
inputs, and the other two elements Cm, also 
diametrically opposed, being connected to the two 
processor outputs. These interconnecting elements Cm 

10 are moreover connected together through horizontal or 
vertical links. 

Each communication between processors P is done 
via interconnecting elements Cm. Thus, 50% of 
additional internal connections are obtained in 

15 comparison with "operational" connections, and 
additional connections with the outside are reduced to 
the connections of spare processors Sp. 

The communications supported by the network are at 
a minimum those described in Fig. 13: South/North and 

20 South/West communications being illustrated in 
Fig. 13 A; mixed communications being illustrated in 
Fig. 13B; East/West communications being illustrated in 
Fig. 13C; each communication illustrated in these 
figures having a "dual" communication. 

25 Other communications can of course be envisaged. 

In the fault tolerance method of this network, the 
spare processors Sp of the last line are used to 
replace the defective elementary processors P of the 
other lines. 
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SAMPLE EMBODIMENT OF SUCH PROCESSOR NETWORK 

In this embodiment, the processor network is 
composed of a matrix of nine processors and sixteen 
5 interconnecting elements. Each processor P is a simple 
computing element integrating an arithmetic and logic 
unit, a set of work registers, and a test logic 
allowing the automatic test of the processor (the 
so-called "integrated" test) to be performed. When a 
10 test program is run, this logic transmits an integrity 
testing signal t_i indicating whether the processor is 
faulty. Processor P is not described herein as it is 
well known to those skilled in the art. 

An interconnecting element is of the type as 
15 illustrated in Fig. 10, the interconnecting elements of 
Figs. 11A to 11H only being simplified derivatives 
thereof. This interconnecting element, as illustrated 
in Fig. 14A, is composed of six data multiplexers 
having six inputs to one output. Each of these 
2 0 multiplexers is controlled by three wires for selecting 
the output channel in order to allow each of the 
outputs of the interconnecting element to be connected 
to any input. The data field width of each of the 
channels is 4 bits in this case. The selections of the 
25 six multiplexers are stored in two 40 and 18-bit 
registers each (3 selection bits for each multiplexer) 
inside the interconnecting element. These registers 40 
have a double functionality as they can operate as 
standard registers and shift registers when loaded. 
30 These two configuration registers 40 allow two 
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different configurations of the network to exist 
together dynamically. 

Fig. 14B illustrates the details of the 
multiplexer control, with area 41 being the control 
5 area of this multiplexer in one of registers 40. 

Loading both reconfiguration registers 40 is done 
serially by means of the signals nw_sw and confsw_in. 
The signal nw_sw {"not-write switch") allows the 
configuration signal confsw_in ("configuration switch 
10 input") to be written in the first flip-flop of a 
register 40 when it is low and prohibits this write 
operation when it is high. Configuration loading is 
synchronous and thus dependent on the global system 
clock elk. When the write operation of confsw_in is 
15 authorized in the first flip-flop of one of registers 
40, the contents of this flip-flop are loaded into the 
second flip-flop and so on, up to the last flip-flop, 
the contents of which are the signal confsw_in of the 
next interconnecting element. During the load 
2 0 operation, the signal sel_swl2 ("selection switch 
configuration 1/2") allows the register wherein 
configurations are to be loaded to be selected and also 
the configuration of the interconnecting elements to be 
selected dynamically, i.e. configuration of the 

2 5 interconnecting elements to be varied during a program 

run, at each clock period. An interconnecting element 
is thus composed of 24 data bits at the input, 24 data 
bits at the output, two configuration loading signals 
and one dynamic configuration change signal (during 

3 0 normal operation) between the configurations loaded 
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into the internal registers of the interconnecting 
elements . 

Processors P and interconnecting elements Cm are 
connected as illustrated in Fig. 15. The unit composes 
5 the matrix of processors which is controlled by a 
control unit CPU. This control unit CPU sends 
instructions to the processors enabling operations to 
be performed and controls the interconnecting elements 
by means of the three signals confsw_in, nw_sw, and 
10 sel_swl2 mentioned previously. The control unit thus 
allows to run standard programs as well as processor 
test programs. The control unit periodically performs 
the processor test which feed back their status to a 
controller via the signal t_i . The diagnostic of the 
15 processor matrix is then performed by the controller by 
interpreting the signals t_i of all processors. The 
controller can perform the calculation of the new 
configurations of the interconnecting elements 
corresponding to the status of the processor matrix. It 

2 0 then informs the control unit of these new 

configurations. The control unit then sends the 
information allowing to configure different 
interconnecting elements, then sends the orders for 
running calculation programs on the active processors. 
25 The processor matrix as well as the 

interconnecting elements can be integrated into an 
application specific integrated circuit (ASIC) . The 
control unit can be integrated in reconf igurable logic 
components (FPGA = "Field Programmable Gate Array"), 

3 0 for greater flexibility of use. The controller can be 
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implemented by means of a computer, an FPGA component 
or even a dedicated module. 

In the preceding description, separate dynamic 
control by the control unit of each of the 
interconnecting elements has been envisaged; without 
leaving the scope of the invention, it would be 
possible to perform said control statically, without 
using the control unit, e.g. through a processor 
outside the system. 

EXAMPLE OF A HYPERCUBE NETWORK 

Many architectures with the regularity rule, or 

which can be reduced to a regular structure as defined 

previously, can benefit from the positioning method of 

the invention. 

An example of a regular network is the hypercube 

with n dimensions. In this processor network, each 

processor is connected directly to n other processors 
following a rule on binary processor numbering (each 

processor is connected to the processors with the 
adjacent binary word, i.e. the binary number of which 
differs by one bit only) . An example of a hypercube of 
dimension 3 and thus having 16 processors is given in 
Fig. 16. 

This structure, which is regular when represented 
in space, looses regularity on paper due to a 
perspective effect. However, it also looses regularity 
when it is implemented on an electronic board which 
only accepts surface components. In order to take this 
issue into account, the network illustrated in Fig. 17 
shows the real links, the virtual links which allow the 
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structure to be regular in two dimensions, and the 
spare processors Sp with (virtual) links connecting 
them to the main structure. 

Thus, we are returned to a regular 2-D structure 
5 comprising four spare processors. The spacing concept 
which defines the measure for positioning processors 
"fittingly" is a distance calculated with respect to 
this structure. Under such conditions, the positioning 
algorithms are the same as those used for 2-D meshing, 
10 the physical embodiment of the network prevailing over 
its logical function. 

Fig. 18 thus shows a sample reconfiguration 
obtained with three faulty processors. Solid line links 
are physical links to be made so as to maintain the 
15 hypercube structure. 

Finally, Fig. 19 shows an extension of the virtual 
link principle for a hypercube network of dimension 4 
comprising a line of spare processors. The positioning 
algorithm used is then the same as the one used for the 
2 0 2-D mesh structure comprising 8 lines x 4 columns and 
one line of spare processors. 

The reconfiguration method does not restrict the 
choice of the fault tolerant structure whereon such a 
structure can be implemented, which can therefore be 

2 5 completely arbitrary. 

The method of the invention can also be used in 
view of obtaining a fault tolerant structure in digital 
electronic system architectures using many identical 
functional elements with line, matrix or hypercube 

3 0 interconnection. The only constraint is to make sure 

that each functional element can be tested, either 
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locally or globally, so that the positioning/routing 
algorithm can be aware of faulty functional elements. 

It is difficult to identify all electronic 
architectures which can benefit from the invention. 
However, a few examples can be introduced. 

• ID or 2D correlator 

This is the in line or matrix association of 
functional elements the function of which is to perform 
a multiplication of the inputs followed by an addition 
of the result of this multiplication to the preceding 
result. This is then called a Multiplier Accumulator 
(MAc), as illustrated in Fig. 20. The "line input" data 
is correlated with the "column input" by means of 
Multiplier Accumulator (MAc) cells arranged in an 
array, all cells being identical. Then, the inventive 
method is easily implemented, as illustrated in Fig. 
21. The last line of the matrix is the "spare MAc" 
line . 

• Matrix architecture of blocks calculating the fast 
Fourier transform (FFT) 

This architecture is also arranged based on a 
matrix assembly of MAc type functional elements with a 
more complex interconnection scheme, in multiple stages 
(FFT butterfly) , but still having two inputs and two 
outputs per MAc. Adding a spare line of functional 
elements as well as switching elements allows to 
tolerate failures in the whole logical structure. 

The latter two examples show that the inventive 
method can be used for digital electronic architectures 
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interconnecting a set of identical functional elements, 
other than processors. The very regular structures of 
FPGA ("Field Programmable Gate Array") components also 
matrix interconnecting reconf igurable logic blocks 
5 (e.g., based on RAM) can also benefit from the method 
of the invention. 

Finally, the field of telecommunications must also 
benefit from the inventive method. Indeed, e.g. in 
message routers, identical functional elements are 
10 interconnected to form the whole system. 
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CLAIMS 

1. A method for reconfiguring a network of 
parallel identical functional elements tolerant to the 
faults of these functional elements, the network 
comprising said basic functional elements (P) , spare 

5 functional elements (Sp) , interconnecting elements (Cm) 
of these functional elements, and a control unit, said 
method being characterized in that it comprises: 

a step of positioning the functional elements 
of the logic network; 
10 - a routing step of programming interconnecting 

elements on the physical network, by choosing a maximum 
number of interconnecting elements which can be passed 
between two neighbouring processors using a shortest 
track search algorithm. 

15 

2. The method according to claim 1, wherein: 

a network functional element positioning 
sequence which is composed of a starting functional 
element and a sequence of functional elements including 

20 all functional elements is determined; 

for each of the functional elements, it is 
positioned tentatively starting with its logical 
position, then, if required in case of failure, in each 
of the positions located at a distance 1, distance 2, ... 

25 from the logical position of this functional element, a 
restriction being that one and only one spare position 
is to be used with respect to the possible positions of 
previously positioned functional elements, stopping 
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when S+l positions have been tested, S being the number 
of spare functional elements; 

if S+l positions have been tested without 
success, returning to the previous functional element 
5 in the positioning sequence and proceeding with the 
next position for this functional element. 

3. The method according to claim 2, wherein, when 
all functional elements have been positioned, it is 
10 checked for each network dimension that the logical 
sequence is followed for each functional element pair, 
if not, the positions of these functional elements are 
inverted. 

15 4. The method according to claim 1, wherein the 

positioning sequence is defined like this: the starting 
functional element is the top left functional element, 
the following functional elements are the functional 
elements to the right and below the starting functional 

20 element, and so on, following a diagonal. 

5. The method according to claim 1, wherein the 
network is divided into functional element blocks, and 
a block positioning sequence is defined starting with a 
2 5 starting block and going through all the blocks from 
one neighbouring block to the next, the possible 
positions for the functional elements of one block not 
including any logical position of the functional 
elements of previously positioned blocks. 

30 
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6. The method according to claim 1, wherein the 
functional elements are processors. 
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ABSTRACT 

RECONFIGURATION METHOD APPLICABLE TO A NETWORK OF 
IDENTICAL FUNCTIONAL ELEMENTS 

This invention relates to a method for 
reconfiguring a network of parallel functional elements 
tolerant to the faults of these functional elements 
including said basic functional elements (P) , spare 
functional elements (Sp) , interconnecting elements (Cm) 
of these functional elements and a control unit, said 
method comprising: 

a step of positioning the functional elements 
of the logic network on the physical network; 

a routing step of programming interconnecting 
elements on the physical network, by choosing a maximum 
number of interconnecting elements which can be passed 
between two neighbouring processors using a shortest 
track search algorithm. 

Fig. 4 
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RECONFIGURATION METHOD APPLICABLE TO A NETWORK OF IDENTICAL FUNCTIONAL ELEMENTS 
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in Section 1.56 of Title 37 Code of Federal Regulations. 
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